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(57) Abstract 

A method and apparatus for controlling deposit build-up on an interior surface of a dielectric member of a plasma processing chamber. 
The deposit build-up is controlled by selective ion bombardment of the inner surface by shifting location of a peak voltage amplitude of a 
voltage standing wave on an antenna such as a flat spiral coil of the plasma processing chamber. A region of high ion bombardment on the 
interior surface of the dielectric member is displaced by controlling the value of a termination capacitance over a range of values causing 
regions of low and high ion bombardment to move over the dielectric member in order to effect cleaning thereof. 
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METHOD AND APPARATUS FOR CONTROL 
OF DEPOSIT BUILD-UP ON AN INNER SURFACE OF 
A PLASMA PROCESSING CHAMBER 

Field of the Invention 

5 The invention relates to improvements in a plasma reactor and to a method of 

processing a substrate in the plasma reactor such as by plasma etching an oxide layer 
on a semiconductor wafer. 

Background of the Invention 

Vacuum processing chambers are generally used for chemical vapor 
10 depositing (CVD) and etching of materials on substrates by supplying process gas to 
the vacuum chamber and application of an RF field to the gas. Examples of parallel 
plate, transformer coupled plasma (TCP™, also called ICP), and electron-cyclotron 
resonance (ECR) reactors are disclosed in commonly owned U.S. Patent Nos. 
4,340,462; 4,948,458; and 5,200,232. The substrates are held in place within the 
15 vacuum chamber during processing by substrate holders. Conventional substrate 
holders include mechanical clamps and electrostatic clamps (ESC). Examples of 
mechanical clamps and ESC substrate holders are provided in commonly owned U.S. 
Patent No. 5,262,029 and commonly owned U.S. Application No. 08/401,524 filed 
on March 10, 1995. Substrate holders in the form of an electrode can supply 
20 radiofrequency (RF) power into the chamber, as disclosed in U.S. Patent No. 
4,579,618. 

Plasma reactors wherein an antenna coupled to a radiofrequency (RF) source 
energizes gas into a plasma state within a process chamber are disclosed in U.S. 
Patent Nos. 4,948,458; 5,198,718; 5,241,245; 5,304,279; 5,401,350; 5,531,834; 

25 5,464,476; 5,525,159; 5,529,657; and 5,580,385. In such systems, the antenna is 
separated from the interior of the process chamber by a dielectric member such as a 
dielectric window, gas distribution plate, encapsulating layer of epoxy, or the like, 
and the RF energy is supplied into the chamber through the dielectric member. Such 
processing systems can be used for a variety of semiconductor processing 

30 applications such as etching, deposition, resist stripping, etc. 
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During an oxide etch of a semiconductor wafer in a plasma reactor, polymer 
can build up on the exposed surface of the dielectric member. As the polymer build- 
up deepens the uniformity of processing of the substrate can be affected and/or 
polymer can then flake off of the dielectric member. If the dielectric member is 
5 located directly above the substrate and chuck, polymer particles can fall directly on 
the substrate or the chuck below. This can ruin the substrate decreasing yield or 
cause chucking problems. In addition, the process must be stopped and the chamber 
cleaned. The delay due to the "down-time" required for cleaning also represents a 
substantial loss in production yield. Therefore, control of the deposition of polymer 
10 on the dielectric member is critical for achieving a high yield and maintaining 
through-put of the substrates in the plasma reactor. 

Summary of the Invention 

An object of the present invention is to increase through-put of processed 
substrates when substrates such as semiconductor wafers are processed continuously 

15 in a plasma reactor with a surface of a dielectric member such as a dielectric window 
or gas distribution plate (GDP) facing the substrate. 

It is a further object of the invention to control deposit build-up on an interior 
surface in a plasma reactor and thereby increase the yield of the produced substrates 
and reduce down-time need for cleaning of the reactor. 

20 The foregoing and other objects are accomplished by an improved method 

and apparatus for controlling the voltage standing wave exhibited by an antenna 
separated from the interior of a plasma reactor by a dielectric member. According to 
one aspect of the present invention, it has been observed that in the region or regions 
of high amplitude of the voltage standing wave of the antenna, deposits are cleaned 

25 from the dielectric member by ion bombardment. On the other hand, at regions 
along the antenna where the amplitude of the standing wave voltage is low, deposits 
will build up a thick, sometimes poorly adherent layer. Therefore according to one 
embodiment of the present invention, the region of ion bombardment is moved 
around by displacing the standing voltage wave of the antenna such that dielectric 
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member is "cleaned" or any deposit build-up that does occur is inhibited and more 
uniform. 

According to one exemplary embodiment of the invention, the value of the 
termination impedance of the antenna is varied to control the location of the high and 
5 low voltage amplitudes of the standing wave on the antenna. According to this 
embodiment of the present invention, the value of a termination capacitor is varied 
such that regions of low and high ion bombardment move over the dielectric 
member. 

According to an exemplary embodiment, when the termination capacitor is at 
10 a high value, a clean central region is formed and deposit build-up occurs in an outer 
region surrounding the central region. At lower capacitive values, the central region 
exhibits deposit build-up and the outer region is cleaned by ion bombardment. By 
controlling ion bombardment of these regions, the uniformity and adherence of the 
deposit build-up on the dielectric member may be controlled. 
15 According to an exemplary embodiment, the termination capacitor may be 

varied two or more times, continuously varied or set to a desired value during 
processing of an individual substrate such as during an oxide etch of a semiconductor 
(e.g., silicon) wafer in the plasma reactor and/or during a clean cycle following the 
etching step. For instance, the termination capacitor can be operated at one value 
20 during the processing (e.g., during a wafer etch process) and the capacitor can be 
operated at a different value during a cleaning step (e.g., during an oxygen clean 
cycle). 

Brief Description of the Drawings 

The invention will be described in greater detail with reference to the 
25 accompanying drawings in which like elements bear like reference numerals, and 
wherein: 

FIG. 1 is a cross sectional view of a vacuum processing chamber having a 
liner, focus ring and gas distribution plate according to an exemplary embodiment 
the invention; 
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FIG. 2 is a top view of an 89 hole gas distribution plate according to an 
exemplary embodiment the invention; 

FIG. 3 illustrates an antenna in the form of a flat spiral coil according to an 
exemplary embodiment of the invention; 
5 FIGS. 4a-4b are representations of deposit build-up patterns (shown with 

cross-hatching) with variation in termination capacitance; 

FIG. 5 illustrates an exemplary circuit arrangement for an antenna in the form 
of the spiral coil shown in FIG. 3; 

FIG. 6 illustrates the effect of variations of the Q value of the circuit shown 
10 in FIG. 5 on values of C ly C 2 and C 3 which minimize reflected power; 

FIG. 7 illustrates the effect of variations of the C 4 value on the antenna 
voltage amplitude and the bottom electrode RF voltage; and 

FIG. 8 illustrates the effect of variations of the C 4 value on the antenna 
current amplitude and the bottom electrode RF current. 

15 

Detailed Description of the Preferred Embodiments 

The invention provides improvements in reducing particle contamination of 
substrates such as semiconductor (e.g., silicon, gallium arsenide, etc.) wafers, flat 
panel display substrates, and the like. In addition, the invention provides uniform 

20 and reproducible processing of sequentially processed substrates while allowing 

extremely long continuous processing runs (e.g., over 100, preferably over 1000 and 
more preferably over 2000 wafer runs) between shut downs for reactor cleaning. 

In plasma etching of substrates, features can be etched into layers of various 
materials on substrates such as silicon wafers. In such etching processes, a gas 

25 distribution plate can be used to control the spacial distribution of gas flow in the 
volume of the reactor above the plane of the substrate. In the TCP™ 9100™ plasma 
etching reactor available from LAM Research Incorporated, the gas distribution plate 
is a circular plate situated directly below the TCP™ window which is also the 
vacuum sealing surface at the top of the reactor in a plane above and parallel to a 

30 semiconductor wafer. The gas distribution plate is sealed using an O-ring to a gas 
distribution ring located at the periphery of the gas distribution plate. The gas 
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distribution ring feeds gas from a source into the volume defined by the gas 
distribution plate, an inside surface of a window underlying an antenna in the form of 
a flat spiral coil supplying RF energy into the reactor, and the gas distribution ring. 
The gas distribution plate contains an array of holes of a specified diameter which 
5 extend through the plate. The spacial distribution of the holes through the gas 
distribution plate can be varied to optimize etch uniformity of the layers to be etched, 
e.g., a photoresist layer, a silicon dioxide layer and an underlayer material on the 
wafer. The cross-sectional shape of the gas distribution plate can be varied to 
manipulate the distribution of RF power into the plasma in the reactor. The gas 
10 distribution plate material must be a dielectric to enable coupling of this RF power 
through the gas distribution plate into the reactor. Further, it is desirable for the 
material of the gas distribution plate to be highly resistant to chemical sputter-etching 
in environments such as oxygen or a hydrofluorocarbon gas plasma in order to avoid 
breakdown and the resultant particle generation associated therewith. 
15 A vacuum processing chamber according to one embodiment of the present 

invention is illustrated in FIG. 1. The vacuum processing chamber 10 includes a 
substrate holder 12 in the form of a bottom electrode providing an electrostatic 
clamping force to a substrate 13 as well as an RF bias to a substrate supported 
thereon and a focus ring 14 for confining plasma in an area above the substrate while 
20 it is He backcooled. A source of energy for maintaining a high density (e.g. ltf '- 
10' 1 ions/cm 3 ) plasma in the chamber such as an antenna 18 in the form of a flat 
spiral coil powered by a suitable RF source and suitable RF impedance matching 
circuitry inductively couples RF energy into the chamber 10 so as to provide a high 
density plasma. The chamber includes suitable vacuum pumping apparatus for 
25 mainuining the interior of the chamber at a desired pressure (e.g. below 50 mTorr, 
typically 1-20 mTorr). A substantially planar dielectric window 20 of uniform 
thickness is provided between the antenna 18 and the interior of the processing 
chamber 10 and forms the vacuum wall at the top of the processing chamber 10. A 
gas distribution plate, commonly called a showerhead 22, is provided beneath the 
30 window 20 and includes a plurality of openings such as circular holes (not shown) 
for delivering process gas supplied by the gas supply 23 to the processing chamber 
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10. A conical liner 30 extends from the gas distribution plate and surrounds the 
substrate holder 12. The antenna 18 can be provided with a channel 24 through 
which a temperature control fluid is passed via inlet and outlet conduits 25,26. 
However, the antenna 18 and/or window 20 could be cooled by other techniques 
5 such as by blowing air over the antenna and window, passing a cooling medium 
through or in heat transfer contact with the window and/or gas distribution plate, etc. 

In operation, a wafer is positioned on the substrate holder 12 and is typically 
held in place by an electrostatic clamp, a mechanical clamp, or other clamping 
mechanism when He backcooling is employed. Process gas is then supplied to the 

10 vacuum processing chamber 10 by passing the process gas through a gap between the 
window 20 and the gas distribution plate 22. Suitable gas distribution plate 
arrangements (i.e., showerhead) arrangements are disclosed in commonly owned 
U.S. Patent Application Serial Nos. 08/509,080; 08/658,258; and 08/658,259, the 
disclosures of which are hereby incorporated by reference. 

15 The gas distribution plate can have various designs one example of which is 

shown in FIG. 2. The gas distribution plate 40 shown in FIG. 2 includes eighty-nine 
holes 41 and four embossments 42 near the center thereof for providing a passage for 
supply of process gas between the gas distribution plate and the dielectric window. 
The gas distribution plate, liner and/or focus ring can be mounted in chambers of the 

20 types disclosed in commonly owned U.S. Patent Application Serial Nos. 08/658,261 
and 08/658,262, the disclosures of which are hereby incorporated by reference. A 
complete description of a process for producing semiconductor substrates for use 
with the present invention is disclosed in commonly owned U.S. Patent Application 
Serial Nos. 08/722,371, the disclosure of which is hereby incorporated by reference. 

25 Turning to FIG. 3, an illustration of a TCP™ coil 50 is shown positioned 

above a plasma 42 generated by the coil. The outer end of the coil 50 is connected 
to a variable terminating capacitor 60 having output voltage and current V 0 and I,,, 
respectively. The inner end of the coil is connected to an RF power supply which 
supplies RF power through matching circuit 65 such that the inner end of the coil has 

30 input voltage and current V t and I i( respectively. Matching circuits, such as 65, are 
known to those skilled in the art and therefore are not further described herein. As a 
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lossy traasmission line, the TCP™ coil 50 exhibits a voltage standing wave that can 
be displaced along its length by varying the terminating impedance of the coil. In the 
example shown in FIG. 3 the terminating impedance is provided by capacitor 60. 
However, it will be apparent to persons skilled in the art that displacement of the 
5 voltage standing wave can be achieved by other techniques. 

In a region of the coil 50 that exhibits a high voltage standing wave amplitude 
(i.e., peak voltage) there is a corresponding region of high ion bombardment of the 
gas distribution plate 40. In the region of high ion bombardment, the gas 
distribution plate remains relatively free from polymer build-up. In other regions 

10 where ion bombardment is low, build-up of polymer can occur. In other words, in 
the regions of the coil 50 where peak voltage is high, polymer build-up is miriimized 
in adjacent areas on the interior surface of the gas distribution plate. 

The location of the highest voltage amplitude of the standing wave can be 
displaced along the coil 50 by manipulating the terminating impedance. In an 

15 exemplary embodiment, capacitor 60 is used to vary the terminating impedance. By 
varying the value of the capacitance of capacitor 60 the regions of high and low ion 
bombardment can be moved over the surface of the gas distribution plate 40 to 
effectuate cleaning of the plate 40. 

According to an exemplary embodiment of the invention it was found that 

20 when the termination capacitor was set at a low value the dielectric member 70 
includes an inner area 72 of polymer build-up and an outer relatively clean area 74, 
as shown in FIG. 4a. By raising the capacitance of the capacitor 60, the area of 
polymer build-up can be shifted to an outer area 76 and the previous build-up on the 
inner area can be reduced by ion bombardment of that area to form a relatively clean 

25 inner area 78, as shown in FIG. 4b. According to the invention, the capacitance can 
be controlled and/or varied to move the clean zones over the inner surface of a 
dielectric member such as the gas distribution plate in order to inhibit deposit build- 
up. 

The capacitance of variable capacitor 60 can be controlled 
30 electromechanically by a control circuit 68, for example. According to this 

embodiment of the invention, at least two control schemes can be implemented. A 
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first control scheme systematically varies the capacitance of capacitor 60 during 
processing such as an etching step or oxygen clean step. According to a preferred 
embodiment the capacitance is changed in the same way for each cycle in order to 
provide uniform and reproducible processing of sequentially processed substrates. A 
5 second control method operates the capacitor 60 at one value during a processing 
cycle and at a second value during the oxygen clean cycle. Alternatively, in the case 
where the substrate is smaller in size than the antenna, the capacitance could be set at 
a value which achieves uniform build-up of deposits over an area of the dielectric 
member commensurate with that of the substrate. In this case, uniform substrate 

10 processing can be achieved followed by an optional cleaning step to remove the 
deposit build-up. FIGS. 5-8 illustrate details of a circuit which can be used to drive 
the TCP™ coil shown in FIG. L As shown in FIG. 5, the antenna is in the form of 
a TCP™ coil supplied with RF power through a circuit arrangement including 
capacitors C x , C 2 and C 3 with a tennination capacitor C 4 connected to an output of 

15 the coil. FIG. 6 illustrates the effect of variations of the Q value (normalized) of the 
circuit shown in FIG. 5 on normalized values of C u Q and C 3 which minimize 
reflected power. For autotuning, Q and C 3 can be servo driven and C, can be 
manually adjusted. FIG. 7 illustrates the effect of variations of the Q value 
(normalized) on the antenna peak voltage (normalized) and the bottom electrode RF 

20 voltage (normalized). FIG. 8 illustrates the effect of variations of the Q value 
(normalized) on the antenna peak current (normalized) and the bottom electrode RF 
current (normalized). The optimized values of C 1( C 2 , C 3 and C 4 will depend on 
many factors such as the type of substrate to be processed, the type of antenna, the 
type of process to be carried out, etc. 

25 The bottom electrode is used to apply an RF bias to the substrate being 

processed. For example, it is conventional to apply at 4MHz RF current to the 
bottom electrode. The RF voltage and current on the bottom electrode are 
detennined by the reactor impedance with a plasma established in the reactor. Fig. 7 
shows that the RF voltage on the bottom electrode is a function of the Q value. The 

30 changes in RF voltage on the bottom electrode does not have a major effect on 
processing of a substrate. As shown in FIG. 8, the dc voltage (i.e., RF bias) on the 
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bottom electrode becomes more negative as the plasma generation is shifted towards 
chamber walls for higher C 4 values. 

It is noted that the embodiments described above have been provided for 
illustrative purposes only and that other embodiments will suggest themselves to 
5 those skilled in the art. For example, antennas other than the flat spiral coil 50 
described above may be used to control the ion bombardment of the gas distribution 
plate. For instance, more than one antenna can be used and/or the antenna can have 
non-planar configurations or have a non-spiral shape. If a spiral coil is used, the 
number of turns thereof can be selected based on the size of the substrate to be 

10 processed. In addition, while the invention has been described with respect to 

controlling the capacitance of capacitor 60, other techniques could be used to control 
the ion bombardment on the gas distribution plate. For example, inductors could be 
used to tenninate coil 50 and provide a variable impedance in accordance with the 
present invention. Also, in addition to or in place of varying the termination 

15 impedance, the standing wave could be modified by electrical components connected 
to other portions of the coil (e.g., optional circuit component 90 as shown in dotted 
lines in FIG. 3). 

The foregoing has described the principles, preferred embodiments and 
modes of operation of the present invention. However, the invention should not be 
20 construed as being limited to the particular embodiments discussed. Thus, the 
above-described embodiments should be regarded as illustrative rather than 
restrictive, and it should be appreciated that variations may be made in those 
embodiments by workers skilled in the art without departing from the scope of the 
present invention as defined by the following claims. 
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WHAT I S CLAIMED IS : 

1 . A method of reducing deposit build-up on an interior surface of a 
plasma processing chamber wherein substrates are processed, the plasma processing 
chamber including an antenna and a dielectric member separating the antenna from 

5 an interior of the plasma processing chamber, plasma being generated in the interior 
by applying radiofrequency current to the antenna, a portion of the radiofrequency 
current being capacitively coupled to the plasma by a voltage standing wave, the 
process comprising steps of: 

(a) shifting a location of a maximum voltage amplitude of the voltage 
10 standing wave along the antenna; and 

(b) controlling deposit build-up by varying an amount of ion 
bombardment on the interior surface of the dielectric member, the ion bombardment 
controlling deposit build-up on the interior surface to allow uniform substrate 
processing during sequential processing of substrates in the plasma processing 

15 chamber. 

2. The method according to Claim 1, wherein the shifting and controlling 
steps are carried out while processing a substrate in the plasma processing chamber. 

3. The method according to Claim 2, wherein the voltage standing wave 
is shifted on the antenna by varying a termination impedance of the antenna. 

20 4. The method according to Claim 3, wherein the tennination impedance 

is controlled by varying capacitance of a termination capacitor connected to the 
antenna. 

5. The method according to Claim 4, wherein the capacitance is 
maintained at a value which causes less bombardment on a central region of the 
25 interior surface than on an outer region surrounding the inner region. 
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6. The method according to Claim 4, wherein the capacitance is raised 
from a first capacitance to a second capacitance, the second capacitance causing 
greater ion bombardment on an inner region of the interior surface than on an outer 
region of the interior surface and the first capacitance causing greater ion 

5 bombardment on the outer region than on the inner region. 

7. The method of Claim 4, wherein the capacitance is varied during 
etching of a single substrate, during an oxygen clean cycle or combination thereof. 

8. The method of claim 4, wherein the capacitance is maintained at a first 
value during processing of a substrate and at a second value during a cleaning step 

10 while the substrate remains in the plasma processing chamber. 

9. The method of claim 4, wherein the capacitance is raised from a first 
value during etching of a substrate to a second value during an oxygen clean cycle. 

10. A method of processing a substrate in a plasma processing chamber 
having an antenna separated from an interior of the plasma processing chamber by a 

15 dielectric member, comprising steps of: 

(a) supplying process gas into the interior of the plasma processing 
chamber; 

(b) energizing the process gas into a plasma state by supplying 
radiofrequency energy to the antenna; 

20 (c) the radiofrequency energy having a first voltage amplitude at a first 

portion of the antenna and a second voltage amplitude at a second portion of the 
antenna, the first voltage amplitude being higher than the second voltage amplitude; 

(d) processing a substrate in the interior of the plasma processing chamber 
by contacting an exposed surface of the substrate with the plasma, the processing 

25 producing deposits which are more heavily deposited on a first portion of an interior 
surface of the dielectric member than on a second portion of the interior surface; 
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(e) shifting locations of the first and second peak amplitudes on the 
antenna such that the deposits are more heavily deposited on the second portion of 
the interior surface while reducing the deposits on the first portion of the interior 
surface; and 

5 (f) removing the substrate from the plasma processing chamber. 

11. The method according to Claim 10, wherein the dielectric member 
comprises a gas distribution member having an exposed surface facing the substrate, 
the gas distribution member including gas distribution holes through which the 
process gas flows into a reaction zone adjacent the substrate, the process gas flowing 

10 through the gas distribution holes into the plasma processing chamber and being 
maintained in a plasma state adjacent the exposed surface of the gas distribution 
member by inductively coupling radiofrequency energy from the antenna through the 
gas distribution member. 

12. The method according to Claim 10, further comprising processing 
15 additional substrates in the plasma processing chamber by repeating steps (a-f). 

13. The method according to Claim 10, wherein during the processing 
step the antenna comprises a substantially planar spiral coil which energizes the 
process gas into the plasma state and the process gas comprises one or more halogen 
containing gases which etch the substrate during the processing step. 

20 14. The method according to Claim 10, wherein during the processing 

step the plasma comprises a high density plasma and the substrates are processed by 
etching a layer on the substrates with the high density plasma while supplying a 
radiofrequency bias to the substrates. 

15. The method according to Claim 10, wherein the locations of the first 
25 and second peak amplitudes are shifted by varying a termination impedance on the 
antenna. 
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16. A plasma processing chamber comprising: 

a substrate holder for supporting a substrate within an interior of the 
plasma processing chamber; 

a dielectric member having an exposed surface facing a reaction zone 
5 adjacent a substrate supported on the substrate holder; 

a gas supply supplying process gas into the reaction zone; 
an antenna supplying radiofrequency energy into the interior of the 
plasma processing chamber and energizing the process gas into a plasma state for 
processing a substrate, a portion of the radiofrequency energy being capacitively 
10 coupled to the plasma by a voltage standing wave; and 

means for controlling deposit build-up by varying an amount of ion 
bombardment on the interior surface of the dielectric member, the ion bombardment 
controlling deposit build-up on the interior surface to allow uniform substrate 
processing during sequential processing of substrates in the plasma processing 
15 chamber. 

17. The plasma processing chamber according to Claim 16, wherein the 
dielectric member comprises a gas distribution member and the means for controlling 
deposit build-up comprises a termination capacitor electrically connected to an output 
of the antenna. 

20 18. The plasma processing chamber according to Claim 16, wherein the 

dielectric member comprises a dielectric window and the antenna comprises a 
substantially planar spiral coil adjacent the window, the coil supplying the 
radiofrequency energy through the window to energize the process gas. 

19. The plasma processing chamber according to Claim 16, wherein the 
25 dielectric member comprises a gas distribution member, the plasma processing 
chamber including a dielectric window adjacent an outer surface of the gas 
distribution member, the gas distribution member having a plurality of gas outlets 
extending through the exposed surface and a plurality of gas distributing channels in 
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the outer surface, the outer surface being in contact with the dielectric window and 
the gas distributing channels supplying the process gas to the gas outlets. 

20. The plasma processing chamber according to Claim 19, wherein the 
dielectric window and/or the gas distribution member has a substantially uniform 
5 thickness and substantially planar configuration. 
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